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TITLE OF THE INVENTION

Cross-chirped interferometry system and method for light detection and ranging

FIELD OF THE INVENTION

[0001] The present invention relates to interferometry for light detection and ranging,

BACKGROUND OF THE INVENTION

[0002] Determining the distance to an object may be done by a laser range finder, which is an optical

detection tool using a laser light to determine the distance to a reflective object.

[0003] One common technique is the time of flight (TOF) method, based on the time it takes, for a lig

beam reflected by the object to reach a receiver, from a transmitter sending a periodic laser pulse in a

narrow beam towards the object, as shown in Figure 1. Due to the high speed of light, this technique is not

appropriate for high precision sub-millimeter measurements [1, 2]. The timing accuracy is normally

determined by the pulse rising time, the bandwidth of the receiver electronics and the signal-to-noise ratio.

Using a very short pulse and very high Frequency electronics allows reaching a ranging accuracy of a few

centimetres.

[0004] TOF detection in general is implemented in time resolving systems using high speed

photodetectors (PD) and electronics as receivers to determine the time delay of the emitted optical timing

pulse with respect to the reference pulse timing [1, 2]. The ranging accuracy, defined as the precision with

which the position of a single reflecting target can be located along the measurement range, is directly

related to the detector's bandwidth, the input pulse width, and the signal-to-noise ratio. For example, this

technique requires very accurate sub-nanosecond timing circuitry, with a detector bandwidth typically

exceeding GHz, to resolve the location of an object with an accuracy higher than a few millimeters, and a

pulse modulation with a width less than 10 ns HWHM (half with at half maximum) is essential to provide the

optical timing equivalent to the sampling resolution.

[0005] Use of a long pulse results in a lack of resolving capability as multiple reflectors may exist along the

line-of-sight (LOS). For example, a 10 ns-long pulse may hardly differentiate two reflectors separated by a

distance shorter than 3 meters along the LOS. Hereafter, this minimal distance is referred to as the

'resolution' of the laser rangefinder. On the other hand, use of a large bandwidth and a short pulse timing to

increase the resolution and the accuracy may be hazardous to the environment since maximum permissible

exposure (MPE) regulation may be exceeded as high energy pulse laser is required to increase the

sensitivity and accuracy for the signal detection.



[0006] Broadband interferometric techniques such as optical low coherence reflectometry (OLCR) and

optical frequency domain reflectometry (OFDR) can provide superior resolution, accuracy, and high

sensitivity. Therefore, broadband interferometry, also referred to as coherence reflectometry, is usually used

for photonic device/system characterization and biomedical imaging, i.e. so-called optical coherence

tomography (OCT) for example [4, pages 6-8].

[0007] Schematics of set-ups for OLCR and OFDR are shown in Figure 2 and Figure 3 , respectively.

[0008] In OLCR (Figure 2), a low coherence signal from a broadband source 30 is divided evenly between

the reference (ref) and test arms using a fiber coupler (FC). The optical delay (or light propagation time) in

the reference arm can be varied by movement of the reference mirror (M). The reflected signals from each

arm travel back through the coupler (FC) where they are recombined, and then received at a photodiode

(PD). An interference signal will appear at the photodiode if the difference in optical length between the

reference and test arms is less than a coherence length of the system. The interferometric signal is

measured in the time domain, or equivalent^ in the delay length domain.

[0009] In contrast, OFDR (Figure 3) is based on the measurement of the interference pattern between the

light-reflection from a sample to be characterized and its coherent reference light (often called a local

oscillator) in the frequency (or wavelength) domain. In OFDR, the measured spectral-domain information is

converted into the desired length-domain information by use of discrete Fourier transformations (DFTs)

calculated with digital signal processors (21, 22). In this method, no moving reference mirror is required.

[0010] Both interferometry techniques have critical limitations as far as the range and the repetition rate

are concerned. In OLCR, as the range increases, the repetition rate decreases proportionally. In OFDR, the

spectral line width to be detected is inversely proportional to the range. Only expensive high resolution and

long range reflectometry using the OFDR has been found to reach performances up to 22 µm and 35

meters, respectively [3], Such a system uses a wavelength tunable laser to acquire the spectral

interference. The repetition rate is lower than 0.4 Hz. There is a well-known relation between the line width

and the wavelength tuning speed, i.e. the tuning speed is proportional to the line width [4, pages 6-8]. It can

be shown that the rate cannot exceed 50 Hz for a laser rangefinder with a few tens of meter range.

[0011] Figure 4 is a schematic diagram illustrating the principle of operation of the OLCR and the OFDR

showing the time (=space)-frequency (=wavelength) representation of the instantaneous CW (continuous

wave) lights (or transform-limited pulses) from the two interferometer arms (the system diagrams for the

OLCR and the OFDR are shown in Figure 2 and Figure 3 respectively). In this example, the instantaneous

lights consisting of a broad spectrum of waves have been split into two interferometer arms and combined

to the interferometer output port, and an example of the combined two light spectra is shown. The combined



lights have a single relative time delay over the spectrum. It is important to note that both interferometer

systems (i.e. OLCR and OFDR) require accurate dispersion matching between the two arms. In Figure 4, a

non-dispersed case is shown. In OLCR, the coherent overlapping between the two lights is directly detected

as if a form of convolution of the two virtual pulse autocorrelations was generated for a given spectrum

when the scanning delay line is moving. An example of the detected signal is schematically shown in the

graph on bottom right of Figure 4. Failure of the dispersion matching results in a broadening of the virtual

pulse autocorrelations. In other words, dispersion causes the resolution degradation of the reflectometry

system. The maximum range of the scanning delay line in the reference arm limits the maximal detectable

range in the system. The resolution is inversely proportional to the spectral bandwidth of the light. In OFDR,

the single time delay corresponds to the single frequency beating in spectrum as shown in the graph on the

left of Figure 4. The single beating is related to the single pulse in time (or space) numerically processed

through the Fourier transformation. The finite spectrum resolution in detection limits the maximum

detectable light range. The dispersion mismatch induces the chirping of the frequency resulting in

broadening the Fourier-transformed pulse. Thus, dispersion matching is one of the key requirements for

ensuring high performances in both rellectometry systems, i.e. OLCR and OFDR.

[0012] Considering the tremendous practical success of GPS technology, a wide variety of current and

future applications could be also anticipated for a Local Position identification System (LPS) providing both

high speed and high precision (< 1 mm). For example, in a future sophisticated transportation context,

vehicles may need to be maneuvered automatically with high precision and nearly in real-time in a local

region or in a restricted path for efficient system operation [5]. Particularly, for monitoring the next

generation of future small vehicles, high-resolution and high-accuracy LPS systems capable of detecting

multiple vehicles' positions and velocities on the LOS will be necessary. Such applications would need

instantaneous position and velocity (speed + direction) information of the moving target with extremely high

precision. In fact, such systems may prove extremely useful not only for localized transportation, but also for

a range of applications such as manufacturing industry, military, aerospace technology etc. However, the

GPS technology cannot be directly applied to cover the needs of these anticipated application fields, mainly

due to its low resolution (next generation GPS are expected to provide localization accuracy of around 1 m),

which is associated with the use of radio frequency waves. The use of an optical wave (near infrared to

Tera-Hertz) in the LPS could help overcoming this severe resolution limitation considering its center

frequency (>100 THz, i.e. about 1,000 times larger than in a radio frequency wave) and associated ultra-

wide bandwidth. Still, the technical path to transfer the carrier wave from the radio frequency domain to the

optical frequency domain is not straightforward. For instance, light modulation on the optical carrier can be

achieved only over bandwidths up to a few tens of Gigahertz (e.g. using presently available electro-optic

modulation techniques), which would not be sufficient to improve the position resolution in the detection



system beyond the range of a few centimeters. Moreover, for practical applications, the wireless receivers

for the positioning detection need be cost-effective and able to operate independently in a very limited

volume with a small form factor.

[0013] There are two major methods for high resolution and sensitive spectral measurement: the

spectrum-to-space conversion using a reflective grating and Fourier transform infrared spectroscopy (FTIR).

The spectrum-to-space conversion is a popular method and has been used in a wide spectral range from

UV to IR wavelengths. This technique provides a high system design flexibility that can be either optimized

for high resolution (<0.1 nm) or for low-cost low resolution (~ 1 nm). The spectral slicing in space for the

spatial isolation of the spectral components results in the performance tradeoff between the detection

sensitivity (or dynamic range) and the spectral resolution. The production is increased proportionally with

the resolution increment because a very rigid system platform, large optical free space, and ultrahigh

sensitive array detector (i.e. charge coupled device) are required. Low cost solutions can be found for low

resolution systems (~ 1 nm) in the visible and near IR wavelength range. The limited wavelength ranges (i.e.

not applicable for IR wavelength) are associated with the fact that the low cost Si-based CCD (charge-

coupled device) array has a limited spectral responsivity up to near IR.

[0014] FTIR is an interferometric spectral analysis that uses the discrete Fourier transformation for

reconstructing the spectrum of the source under test. It provides high sensitivity and high resolution

spectral analysis in IR wavelength range. However, the required high precision of the reference delay line

and the complexity of the system configuration limit its feasible applications to material and biological

research in a wavelength longer than 1 micron. In addition, the production cost cannot be decreased.

[0015] Therefore, a low-cost, portable, low power-consumptive and light-weight spectral analysis

instrument is still in high demand, for example in optical telecommunication applications considering the fact

that advanced optical networks currently utilize a wide optical bandwidth (> 80 nm) and often require

diagnosis of spectral channels in the field.

SUMMARY OF THE INVENTION

[0016] More specifically, in accordance with the present invention, there is provided an interferometric

system, comprising a broadband source, an interferometer between the broadband source and an object,

and a detector circuit, wherein a signal from the source is divided into a signal arm and a reference arm of

the interferometer, light in the signal arm being reflected back from the object, light in the reference arm

being modulated in one of: i) phase and ii) amplitude, and signals from the two arms are cross-chirped by

unbalanced dispersions and combined, the detector circuit detecting a time-delay of a single electric pulse

in a resulting signal, the cross-chirp interference inducing a direct mapping of the time of flight into the



spectrum with respect to a reference delay.

[0017] There is further provided a method for light echoes-to-spectrum mapping, comprising directing a

signal reference from a broadband source to an object for reflection by the objet, modulating a reference

signal from the broadband source in one of: i) phase and ii) amplitude; applying a dispersion-unbalanced

interference between the two signals; and gating a resulting phase matched spectral component; wherein

the interference induces a direct mapping of the source spectrum into an interference amplitude with

respect to a reference delay.

[0018] Other objects, advantages and features of the present invention will become more apparent upon

reading of the following non-restrictive description of specific embodiments thereof, given by way of

example only with reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] In the appended drawings:

[0020] Figure 1 is a schematic view illustrating the principle of a time-of-flight laser range finder, as known

in the art;

[0021] Figure 2 is a schematic diagram illustrating a set up for optical low coherence reflectometry

(OLCR), as known in the art;

[0022] Figure 3 is a schematic diagram illustrating a set up for optical frequency domain reflectometry

(OFDR), as known in the art;

[0023] Figure 4 is a schematic diagram illustrating the principle of operation of OLCR and OFDR showing

the time-frequency representation of the combined lights at the output port of the interferometer, as known

in the art;

[0024] Figure 5 is a schematic diagram of a set-up for a mid-range laser range finder based on cross-chirp

interference (XCI) according to a first embodiment of an aspect of the present invention;

[0025] Figure 6 shows a time-frequency representation of the combined lights at the output port of the

interferometer, in cross-chirp interference (XCI);

[0026] Figure 7 shows a numerical example of a cross-chirp spectral interferogram and an optimum gated

profile;



[0027] Figure 8 shows some numerical examples of cross-chirp spectral interferences at different phase-

matching conditions made by displacing the phase delay by +/- 3 micrometers;

[0028] Figure 9 illustrates a schematic set-up for a XCI laser rangefinder according to a further

embodiment of the present invention;

[0029] Figures 10 illustrate envelope detection electronics as known in the art (Ref. [6]);

[0030] Figure 11 shows an experimental example of a gated signal and its envelope detection;

[0031] Figure 12 is a schematic set-up for a practical implementation for laser range finder based on the

XCI according to an embodiment of the present invention;

[0032] Figure 13 illustrate the procedure for optical homodyne detection, as known in the art;

[0033] Figure 14 illustrates an alternative setup, realizing the laser rangefinder based on the XCI using a

light emitting diode (LED), according to an embodiment of the present invention;

[0034] Figure 15 is a schematic example illustrating a laser range finder based on the cross-chirp

interference (XCI) according to a further embodiment of an aspect of the present invention;

[0035] Figure 16 is a schematic of a system diagram and principle illustrating a spectral analysis based on

XCI; and

[0036] Figure 17 is a schematic diagram illustrating a position identification system based on a XCI

according to an embodiment of the present invention.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0037] The present invention is illustrated in further details by the following non-limiting examples.

[0038] In a nutshell, the present invention provides an interferometric method enabling high speed, high

precision and high sensitivity time-of-flight (TOF) optical range finding or position identification, and a

system allowing a direct TOF-to-spectrum mapping enabling spectral domain acquisition for the TOF

detection.

[0039] Cross-chirp interference is used. The range determination, i.e. the time-of-flight measurement, is

simply made by the time-delay detection of a single electric pulse in the acquired signal. Thus, a very simple

electric circuit including an envelope detector and a counter is needed for the range determination.



[0040] The present method is a phase sensitive coherent optical gating method using a dispersion-

imbalanced interference, whereby different group delay dispersion slopes are applied in two interferometer

arms and interfered at a photo-detector after combining the lights from the two arms. The dispersion

mismatching can be introduced using any dispersive material, device or sub-system providing a suitable

amount of group-velocity dispersion around a target operation wavelength. These include different types of

optical fibers, fiber Bragg grating or long-period fiber grating-based devices, and diffraction-based dispersive

elements (bulk-optics phase gratings, prisms etc).

[0041] According to a first embodiment of a system according to a first aspect of the present invention,

there is provided a mid-range laser range finder based on cross-chirp interference (XCI).

[0042] In the system illustrated in Figure 5 for example, the signal from the broadband source 30 is divided

between the signal arm (+D) and the reference arm (-D). The optical delay in the reference arm can be

varied by movement of the reference mirror (M). The broadband source 30 can be either a continuous wave

(CW) or a pulsed wave.

[0043] The lights from the two interferometer arms are dispersed with signs. In an embodiment described

hereinbelow in relation to Figure 12, the lights from the two interferometer arms are dispersed with different

amounts.

[0044] The phase gating associated with the relative phase delay between the reference and the signal

arms is made in spectrally resolved detection when the two interfered beams, cross-chirped by unbalanced

dispersions, are received in a spectrometer such as charged-couple device (CCD) 22, and then data

acquisitions electronics 2 1 (DAQ) and further processed by a processing unit 22.

[0045] This implies that there exists a unique single phase match, referred to as the crossing point for

example, between the two signals in optical frequency.

[0046] Examples of the dispersion-unbalanced overlapping between the reference and the signal are

shown in Figure 6 . A one-to-one correspondence can be found between the phase-matched spectrum and

the receiver's distances from the reflectors. This phase match can be visible as a pulse shape in a Finite

resolution spectrum analysis.

[0047] Thus, spectral measurement with a finite bandwidth can easily allow the gating operation in order to

isolate the phase matched spectral density. This gating is a completely linear-optic process, i.e. it does not

involve any high power interaction in a nonlinear medium. The difference of the dispersion-bandwidth

product in between the two interferometric arms determines the detectable position range, i.e. the maximum



time delay allowed in this coherent detection, whereas the gated spectral width determines the resolution of

the point-spread-function (PSF) corresponding to a detection point (which is the critical value for

distinguishing two local reflections in proximity).

[0048] As people in the art will appreciate, contrary to conventional TOF methods, the present method

does not rely on the short pulse timing of the light source but on the spectral phase gating of a broadband

source in the spectral domain. Thus, it does not necessarily require a pulsed operation of the light source.

The associated advantages include low cost, high resolution, defined here as the minimum distance along

the laser line-of-sight between two distinguishable features, and eye safe operation. The achieved high

resolution can provide the ranging capability for multiple targets separated by distances shorter than -25

mm (according to calculations at IR wavelength). In addition, the electronic bandwidth of the receiver can be

at least 1000 times smaller than in TOF methods, while providing an equivalent performance in terms of

accuracy. In conventional TOF, a rising time of the pulse modulation faster than 80 ps would be normally

required to be able to achieve a resolution of about 25 mm.

[0049] The present invention enables achieving sensitive range detection over > 40 m from a low

frequency receiver with a very high precision (less than 100 µm) and a fast repetition rate (higher than 100

Hz). The detection dynamic range, defined as the maximum to minimum detectable power ratio in dB, i.e.

the reflectivity sensitivity, can match that of OLCR systems and may reach up to about -100 dB. The

receiver does not require a large volume, and any high frequency electronics, in particular with electronic

bandwidth less than 10 MHz, can be used. Thus, the present invention is suitable for range detection

systems requiring low-cost and small-form-factor receivers such as laser rangefinders for robots or small

vehicles as well as for position identification,

[0050] Besides TOF-to-spectrum mapping, the present invention allows a very simple and low-cost

spectrum measurement method by only linearly delaying the reference path with a coarse precision (i.e.

sub-millimeter). It does not require any post numerical process to reconstruct the spectrum contrary to the

FTIR because the cross-chirp interference induces the direct mapping of the source spectrum into the

interference amplitude with respect to the reference delay. The coarse precision of the reference delay

reduces the cost of the system construction considerably because it does not require a fine and accurate

nano-scale translation with a high precision encoder. The associated advantages also include a fast sweep

of the delay. As a result, the present invention may be used in optical telecommunication applications

requiring a portable low-cost DWDM (dense wavelength-division multiplexing) channel analyzer for

example.

[0051] Contrary to the strict requirement of the dispersion match in OFDR and OLCR as known in the art,



the present cross-chirp interferometer system induces a large amount of dispersion imbalance by applying

different dispersive medium in the interferometer arms.

[0052] Two examples illustrating the time-frequency distributions in the cross-chirp interference are shown

in Figure 6 . The first example (upper figure) shows an interference between a dispersed light and a non-

dispersed light which propagated through the interferometer arms with a dispersive and a non-dispersive

medium, respectively. As can be seen, a single phase matching exists between the two lights. This phase

matching indicates the zero time delay at the spectral component. The matched spectral component linearly

varies depending on the time delay between the two interferometer arms given that the group delay

dispersion is the dominant term in the net phase variation. The second example (lower figure) shows the

interference of lights dispersed with opposite sign of dispersion (a corresponding system example is shown

in Figure 4). The phase matched spectral component can be detected as a pulsed profile by gating (filtering)

the spectral interference with an optimized spectral resolution. An example of the gated spectrum

measurement is shown on the left of Figure 6 .

[0053] To illustrate the gating phenomena in more details, Figure 7 shows (top graph) a theoretical

spectral chirped (DC-balanced) interference with infinitively fine spectral resolution, and (bottom graph) a

detail close to the real spectral interference in XCI with an optimum spectral resolution.

[0054] A numerical cross-chirp spectral interference profile is shown with a narrow (fine) spectral

resolution on the top graph of Figure 7. This fine resolution allows simulating the theoretical spectral

interference patterns. The low-frequency spectral modulation exists at the phase matched spectral

component. Note that, in this simulation, the background signal (i.e. the optical spectrum of the light source

which has 20-nm Full-Width-at-Half-Maximum) was subtracted from the interference to display a 'balanced

(AC-only)' interferogram. Practically, this can be implemented by either acquiring the spectrum at another

photodetector or employing a balanced differential photo-receiver set-up. The spectral component can be

filtered when the optimum spectral resolution in the interferometer detection system, which can be

implemented using either a spectrometer or a wavelength tunable laser as described hereinbelow, is

comparable with the period of the slowly-varying spectral interference (i.e. when the frequency bandwidth of

the resolution is comparable to -yj2π/ Φ 0 where Φ o is the group delay dispersion of the net dispersion

imbalance). The bottom graph in Figure 7 shows the same interference profile with a coarse spectral

resolution. This numerical calculation was performed assuming a net dispersion of 4 ps/nm, a spectral

FWHM (Full-Width-at-Half-maximum) bandwidth of 20 nm at 1550 nm, and a spectral resolution of 1.3 nm.

Here, the spectrum coordinate can be replaced by the depth range [ L ) as the spectrum bandwidth ( ∆λ ) is

linearly proportional to the range, i.e. c ∆λ ΦΛ/ 2 = L , where Φ λ = - 2 πc Φ0 / λ2
0 , c is the speed of



and X0 is the center wavelength of the light source. Here the gated spectral linewidth (which

corresponds to the axial resolution for the light ranging) can be modified by the dispersion amount, i.e. it

should be proportional to λ/ - cΦλ .

[0055] Thus, a large dispersion and a short wavelength improve the resolution of the system. The range is

also associated with the dispersion amount, as already mentioned above. The maximum axial depth range

may be determined by the proportional coefficient {c-A λ -Φ λ /2) including the system spectral bandwidth

and the dispersion. A practical range can be easily extendable from a centimeter to at least 10 meters by

using a linearly chirped Fiber Bragg grating (LCFG). A cascaded LCFG can multiple the ranges.

[0056] The resolution, defined as a minimum resolvable distance between two reflections along the line-of-

sight in proximity, varies with the dispersion from sub-millimeter to a few centimeters. The accuracy

indicates the error in position detection. Nominally, it should be achievable up to a value about 100 times

smaller than the electric pulse width by using a conventional electronic sampler at high signal-to-noise ratio.

Here, it is assumed that conventional pulse discrimination technique or other numerical techniques can be

generally applicable for determining the range from the pulse envelope. Thus, those straightforward well-

known methods are not described here.

[0057] The gated pulse shape and amplitude can be varied depending on the phase-matching condition

that may be modified by the phase delay. Examples of interferograms at different phase-matching

conditions are shown in Figure 8. In this example, each phase delay for the corresponding interferogram is

displaced among others by 20 fs, which corresponds to the relative distance of approximately 3

micrometers. The gated pulse shapes have different pulse widths and relative amplitudes. An amplitude

peak at a certain condition may be attenuated by more than 15 dB from the maximized peak by the different

phase matching conditions.

[0058] Other multiplication techniques can be also applicable.

[0059] According to a second embodiment, there is provided a system for multiplying the detection range

by the use of phase modulated multiple time-delays in the reference arm, as illustrated for example in

Figure 9.

[0060] The system illustrated in Figure 9 is able to multiply the detection range by the use of phase

modulated multiple time-delays in the reference arm. The source signal is divided between the signal arm

(+D) and the reference arm (-D), and the reference arm (-D) is itself divided into a plurality of reference

arms, each one having an optical delay varied by movement of a respective reference mirror (M). The



source signal 30 is a wavelength swept laser, which generates a continuous wave with linear wavelength

sweep in time. A fiber optic circulator 50 routes, on the one hand, the forward light wave to a fiber-optic 2x2

coupler 52 that is used to form the Michelson fiber-optic interferometer, and, on the other hand, the reflected

(backward) light to the detector. Opposite signs of dispersion are applied to each interferometer arm to be

able to induce the dispersion imbalance as in the case shown in Figure 5. A polarization controller 52

adjusts the state of polarization of the outgoing and incoming signal lights for achieving a maximum

interference contrast. Light in the signal arm is collimated through a coupling lens 54 and reflected back

from an object (reflector) 56. Light in the reference arm is multiplexed using a fiber-optic multi-port coupler

and modulated in phase or amplitude at different frequencies with which the references are tagged in order

to identify them at the electronic detection using bandpass filters. At each reference arms, optical fibers with

precalibrated lengths are added in each arm which is a successive multiple of the detection range (here the

detection range is defined as the dispersion-bandwidth product): f, 2f, 3f etc.... Thus, a signal light by single

reflection interferes only with one of the references that are discretely deployed in the multiplied detection

ranges and phase-modulated at different frequencies. Light from the references and the signal is interfered

at a balanced photo receiver 32 when the wavelength of the laser light is swept. The pulse envelope signal

is detected after filtering the interference through bandpass filters 60 with pre-assigned frequencies so that

signals from the deployed detection ranges are demultiplexed and further processed in 62.

[0061] Thus, multiple pre-calibrated time-delays can be used for extending the coherent interaction, where

the pre-calibrated lengths are the multiple of the grating length. Each time-delay reference needs to be

modulated in phase or amplitude in order to identify which delay arm is interfered with the signal reflected

from the object 56. The detected signal can be demultiplexed into the respective delays in electronic circuits

by bandpass-filtering each modulated frequency.

[0062] According to another embodiment, to avoid the unstable detection of the gated pulse, the phase of

the reference arm light may be modulated periodically in a cross-chirped interference system comprising a

wavelength swept laser as illustrated in Figure 12, and an envelope detection technique may be used,

which may be based on either a Ixk-in frequency demodulation or a signal rectification.

[0063] The phase modulation technique is a well known technique in OLCR to detect an envelope signal.

Schematic of the lock-in frequency demodulation and the signal rectification is shown in Figure 10, as

known in the art [6]. The periodic phase modulation allows acquiring stable pulse envelope with an internal

periodic modulation where the modulation frequency has to be at least 100 times higher than the

wavelength sweep rate in order to induce a large number of modulation cycles in the internal modulation.

[0064] In the embodiment illustrated in Figure 12, a 1x2 fiber coupler 64 splits the light from the



wavelength swept laser 30 into two fiber arms. One is dispersed by a dispersive medium under the form of a

linearly chirped fiber Bragg grating 66 working in reflection so that a fiber-optic circulator 68 has to be used

to route the reflected light into a phase modulator 70. The dispersed light is phase-modulated at a fixed

frequency to be able to induce a local oscillation and combined with the signal light through a 2x2 fiber

coupler 72. The other light for signal is routed first to a telescope lens 74 and collimated. A scanner 76 may

be used to scan the object in 2 dimensions. Reflected light from the object is routed to the 2x2 coupler and

two interfered signals are generated and detected at a balanced differential photo-detector 32. Each

detected signal has its modulation phase with a 180-degree shift relatively with each other. Thus, when one

signal is subtracted to the other, the background signal (which is considered as common amplitude) can be

eliminated and only coherent signals remain.

[0065] An example of the detected signal is shown in Figure 11, which consists of a pulse-like waveform

with periodic internal modulation induced by the local oscillation. An envelope detection electronic device is

used to extract the envelope information. A schematic of the electronic signal processing is shown in Figure

10. The time delay of the signal (proportional to the distance to the object) is determined by the time delay

detection of the envelope signal.

[0066] In a further embodiment, the single balanced receiver 32 of the system illustrated in Figure 12 can

be replaced by a homodyne coherent receiver 52, as shown in Figure 15 for example, in order to extract the

envelope signal without the phase modulation [7-9].

[0067] A schematic of the optical homodyne detection is shown in Figure 13. The homodyne receiver 52

compiles the pair of spectral interference profiles with the phase difference of π/2. Consequently, when the

light reflection from a reflector ( S) and the reference light ( R ) are entered into the homodyne receiver, four

mixed optical outputs (S + R ,S - R S + j R ,S + j R ) are generated at the output of the 90-degree

optical hybrid as illustrated in Fig. 13. A pair of balanced detectors produces two electric signals comprising

R e {5 * } and Im {SR'} . In homodyne configurations, the sum of the squared signals corresponds to the

gated pulse envelope such as shown in Figure 7 (bottom graph).

[0068] Spectral filtering and detection can be implemented either using a spectrometer, a wavelength

tunable filter, or a wavelength swept laser for example.

[0069] An example using a spectrometer is shown in Figure 5 . This is particularly appropriate for a cost-

effective solution in Visible or near-IR wavelength as a low-cost Si-CCD based spectrometer is available at

these wavelengths.



[0070] In IR wavelength range (> 1 µm), a method using wavelength tuning with a narrow bandpass filter

or a wavelength swept laser can be used. An example for practical implementation incorporating the

wavelength swept laser is shown in Figure 12. In this example, a single-ended or a balanced detected

comprising InGaAs or Ge photodetectors is used in the Mach-Zehnder type interferometer, although other

two-arm interferometers can also be used.

[0071] As still a further embodiment, a system using a light emitting diode (LED) 40 is illustrated in Figure

14. The spectrum is filtered by a fast-rotating Fabry-Perot filter 42 so that wavelengths with a finite linewidth

are swept linearly in time. The light is split by a beam splitter 4 1 into two directions. One (Arrow A) is for the

reference arm where the light is coupled into a single mode fiber 45 via a coupling lens 43 and dispersed by

a LCFG 44. The coupling efficiency is expected to be poor. However, considering that the light reflected

from objects needs only be between about 10 and 10 for achieving optimum interferences, the reference

light can be very weak, i.e. lower than 1 3 of the filtered source power. The other (Arrow B) is directed to

the object 56 and reflected back and partially entered through an aperture 46 and combined with the

reference light in the balanced coherent beam detector 43, which comprises a beam splitter 47, two serially

connected photo-detectors 48 and a transimpedance amplifier.

[0072] In still another embodiment, as a technical extension for improving transverse resolution of the

cross-chirped interference laser rangefinder, chromatic focusing of the scanning beam [10] can be

employed by taking advantage of the direct correspondence between the object distance and the sweeping

wavelength discussed hereinabove in relation to Figure 6. This allows effectively maintaining the spot-size

of the light beam much narrower than that of a collimated beam, thus achieving a very high transversal

resolution even over relatively long axial distances. A chromatic focusing system may be efficiently

constructed with a series of diffractive lenses.

[0073] For a single diffractive lens, the wavelength dependent focal length can be determined by

f {λ) = f {λd) λd / λ at the zeroth order diffraction, where f (λd ) is the nominal focal length at the

center (designed) wavelength λd [10], Thus, the focal length varies depending on how much the targeted

wavelength is off from the center wavelength being in fact inversely proportional to the target wavelength. If

the difference between the two wavelengths (i.e. for narrow wavelength tuning range) is much smaller than

the center wavelength, the above expression can be approximated to find a linear proportion relation with

respect to wavelength, as follows: f {λ) ~ f (λd )[2 - λj λd ] [10]. Thus, the focal length deviation around

the nominal focal length (i.e. ∆/ = f (λ)-f( λd ) ) is approximately given by ∆f ~ - λ/ λd ] .

Because the deviation is directly proportional to the nominal focal length as well as to the wavelength

tuning, one may need to design this system with a long nominal focal length in order to achieve a desired



large deviation, i.e. to cover a relatively long depth range. For example, the target focal length could be

deviated only by -10% of the designed focal length f λd ) with a 150nm source bandwidth at the center

wavelength of 1500nm. For proper development, the chromatic focal range is to be matched to the XCI

range: ∆/ = c -Aλ -Φ λ / 2 . Moreover, if a diffractive lens system is used, since it disperses negatively

(i.e. the focal length at red shift is shorter than that at blue shift), the reference light has to be negatively

dispersed relative to the signal light (light at red shift travels faster than that at blue shift.) as shown in

Figure 15.

[0074] The present light echoes-to-spectrum mapping method may further be applied for optical spectrum

analysis. A linear scanning of the optical delay line in the interferometer reference arm induces a chirped

spectral interferogram whose envelope is directly proportional to the spectral density of the input light

source.

[0075] A schematic of a measurement system for practical implementation using a linearly chirped fiber

Bragg grating (LCFG) is shown in Figure 16. The light source (L) of which spectrum is to be characterized

enters into one of the input ports of the fiber-optic Michelson interferometer. Here, the dispersion imbalance

induced by applying different dispersive medium is applied. As illustrated in Figure 16, for example, a highly

dispersive medium 66 such as a linearly chirped fiber Bragg grating is used in one of the interferometer

arms and is operating in reflection. The other arm is prepared to be able to vary the relative optical path

length between the two interferometer arms so that a variable optical delay line 80 is installed. The two

copies of the light reflected from the two arms are combined and interfered, where the interfering spectrum

that is determined by the phase matching condition illustrated in the first plot of Figure 6 is proportional to

the optical path length difference. Thus, the interference light power is recorded when the delay line is

moving. An electronic envelope detection illustrated in Figure 10 can be applied to extract the envelope

waveform out of the interference pattern which is proportional to the spectrum of the light source.

[0076] When the net dispersion between the arms is mismatched, the convolution of the virtual pulses is

broadened. This is equivalent to the convolution between a virtually dispersed pulse and a transform limited

pulse where the dispersed pulse has been induced by the mismatched dispersion. Assuming that the

mismatch is extremely large compared to the transform limited pulse width, it can be easily shown that the

spectrum is mapped into the pulse envelope according to the optical Fourier transformation theory. Thus,

the convolution of the two pulses should be proportional to the spectral density of the light source. Here is

the theoretical description. Here, the 'virtual' pulse means that the pulse does not need to exist in reality but

does in theory only by Fourier transformation of the given spectrum from any broadband source. It is

important to note that in the conventional optical Fourier transformation the convolution partner should be a



real input pulse. However, in this XCI, the input light source is not restricted to a pulsed light. It can be any

time-featured source with a broad spectral bandwidth.

[0077] Suppose that the frequency dependent phase mismatch is written as

∆Φ(<y) = 2β f AL + Φ
LCFG

, where β f is the propagation constant of the optical fiber in interferometer

arms, AL is the unbalanced length, Φ
LCFG

is the frequency dependent phase of the dispersive device

(i.e. the linearly chirped fiber Bragg grating in Figure 16). The time-averaged AC current detected at the

photo-receiver with respect to the time delay (τ ) is proportional to:

( ( )) J S(ω- ωc)e - j Φ ω- ωe)] x - ω- ωej]fi(ω- ωc)

where S(ω - ωc) ≡ \E r | the amplitude product of the lights reflected from the grating and from

the delay line, τg is the group delay of the optical fiber. The complex conjugate of the interference AC

terms is not shown in Eq. 1 for convenience. Here, the fiber dispersion, β " is much smaller than that of the

LCFG (β f" AL « Φ
LCFG

) . Thus, its influence is negligible. This signal with respect to the time delay

turns out to be a convolution of the virtual autocorrelation ( 3 ~ ' {S(ω - ωc ) } ) and the impulse response of

1
the LCFG (exp l ) as the following derivation:

1{S(ω - ωc)exp[- j Φ
LCFC

]}

[0078] It is well known that the convolution with the LCFG impulse response is actually the optical Fourier

transformation if the group delay dispersion is sufficiently larger than the convolution partner (i.e. the virtual

autocorrelation). Consequently, this optical Fourier transformation in the XCI cancels out the original

inverse Fourier transform resulting in the direct mapping of the optical spectrum into the time-averaged

interference envelope detection with respect to the scanning optical delay as the following:



( ( ')) °c - ( ( - y )}®exp
2ΦLCfG

- )}exp[- JAT -τ' W

[0079] From the foregoing, it should be now apparent that there is provided a system for mapping light

echoes into a light spectrum, generally comprising a generation/detection unit; a dispersive medium; and a

receiver.

[0080] In a further aspect of the present invention, there is provided a free space GPS-like position

identification system and a method for determining the local position of the receiver by detecting two relative

distances from two phase-modulated transmitters. The transmitters are identified by their different phase

modulation frequencies. At least two phase modulated lights and a reference light are required for uniquely

determining the 2D local position, as shown in Figure 17.

[0081] The system illustrated in Figure 17 is designed to identify the local position of the receiver relative

to the locations of the transmitters. The receiver detects the relative distances between the reference light

and the phase-modulated lights.

[0082] A wavelength swept light source as a broadband light 30 is used for the same purpose as in the

systems illustrated in Figures 12 and 15. Wavelength of the light emitted from the laser is swept in time

linearly to provide spectral measurement in the time domain using a single-ended or a balanced photo-

detection system 32. A fiber-optic Mach-Zehnder interferometer is used. With the same purpose as for the

unbalanced dispersion in the system illustrated in Figure 12, a linearly chirped fiber Bragg grating 66 with a

large dispersion is applied and used in the upper interferometer arm. The dispersed light induced by the

grating 66 is delivered by an optical fiber and emitted to the local space through a lens system 100 with a

diverging angle and is to be interfered with the light emitted from the bottom arm. The other copy of the light

source is directed to a phase modulator 102 and modulated at a fixed frequency that will be used for

identifying and isolating one of multiplied references. To be able to multiply the references, the copied light

is split into a number of fiber-optic paths 104 by use of a multi-arm fiber coupler, the subsequently phase-

modulated at different frequencies, and emitted to the space. The interfered light among the dispersed light

and multiple references is localized in the region overlapping the two diverging light waves as shown, and



detected at a balanced photo receiver 106. The distances from emitting points are labeled 'LT for the

distance from the dispersed light and 1LZ from the phase modulated reference light, respectively. An electric

bandpass filter system 108 is used to be able to filter out the other frequencies that are associated with the

modulated light from other references. The relative distance between L 1 and L2 is mapped into the

wavelength sweep because of the phase matching condition illustrated in this Figure 17 and described also

in Figures 6 (top plot) and 15. Assuming that the distance between the reference and the dispersed light is

known, L 1 and the L2 can thus be determined.

[0083] Although the present invention has been described hereinabove by way of specific embodiments

thereof, it can be modified, without departing from the nature and teachings of the subject invention as

described hereinabove.
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CLAIMS:

1. An interferometric system, comprising:

a broadband source;

an interferometer between said broadband source and an object; and

a detector circuit;

wherein a signal from said source is divided into a signal arm and a reference arm of said

interferometer, light in the signal arm being reflected back from the object, light in the reference arm being

modulated in one of: i) phase and ii) amplitude, and signals from the two arms are cross-chirped by

unbalanced dispersions and combined, said detector circuit detecting a time-delay of a single electric pulse

in a resulting signal, the cross-chirp interference inducing a direct mapping of the time of flight into the

spectrum with respect to a reference delay.

2 . The system of claim 1, wherein said broadband source is one of: i) a continuous

wave source and ii) a pulsed wave source.

3 . The system of claim 1, wherein said signals in the two arms are dispersed with

one of : i) different signs and ii) different amounts.

4 . The system of claim 1, wherein said detector circuit comprises a balanced

differential photo-receiver.

5. The system of claim 1, wherein the difference of the dispersion-bandwidth product

in between the two interferometric arms determines a detectable position range.

6. The system of claim 1, wherein said system has a ranging capability for multiple

targets separated by distances shorter than about 25 mm.

7 . The system of claim 1, wherein said system has a sensitive range detection of at

least about 40 m from a low frequency receiver with a precision of less than about 100 µm and a repetition

rate of at least 100 Hz, in a 1.5 um wavelength range.

8. The system of claim 1, wherein said detector circuit has a bandwidth less than 10

MHz.



9 . The system of claim 1, wherein said system has a detection dynamic range of up

to about -10O dB.

10. The system of claim 1, wherein said system has a maximum axial depth range

determined by ( c ∆ Φ λ / 2 ), where c is the speed of light, ∆λ is the spectrum bandwidth, and Φo is

the group delay dispersion of the net dispersion imbalance.

11. The system of claim 1, wherein said interferometer comprises at least one chirped

fiber Bragg grating.

12. The system of claim 1, wherein said system has a resolution ranging from about

sub-millimeter to a few centimeters.

13. The system of claim 1, wherein said interferometer comprises phase modulated

multiple time-delays in the reference arm.

14. The system of claim 1, wherein said source is a wavelength swept laser, said

reference arm is divided into a plurality of reference arms, each one of the plurality of reference arms being

provided with optical fibers with precalibrated lengths of a successive multiple of the detection range of the

system, signals from the reference arms and the signal arm being interfered at a balanced photo receiver

when the wavelength of the laser light is swept, and a pulse envelope signal being detected after filtering

the interference through bandpass filters with pre-assigned frequencies.

15. The system of claim 1, wherein said source is a wavelength swept laser.

16. The system of claim 1, wherein said source is a wavelength swept laser and said

detector circuit comprises a balanced differential receiver, said reference arm comprises a dispersive

medium and a phase modulator, the light on the signal arm being routed first to a telescope lens and

collimated, said balanced differential receiver detecting two generated interfered signals, each signal being

phase modulated with a relative phase shift of 180 degrees.

17. The system of claim 1, wherein said source is a wavelength swept source and

said detector circuit comprises a homodyne coherent receiver, said reference arm comprises a dispersive



medium, the light on the signal arm being routed first to a chromatic focusing device, said homodyne

receiver receiving two generated interfered signals.

18. The system of claim 1, wherein said system comprises one of: a spectrometer, a

wavelength tunable filter, and a wavelength swept laser.

19. The system of claim 1, wherein said detector circuit comprises a spectrometer.

20. The system of claim 1, wherein said broadband source is a LED, the spectrum of

said source is filtered so that wavelengths with a finite linewidth are swept linearly in time.

21. The system of claim 20, wherein the spectrum is filtered by a fast-rotating Fabry-

Perot filter, the light is then split by a beam splitter into the two arms, the reference arm comprising a linearly

chirped fiber Bragg grating, the light in the signal arm being directed to the object, reflected back and

partially combined with the reference light in a balanced coherent beam detector of the detector circuit.

22. The system of claim 1, further comprising a chromatic focusing unit.

23. The system of claim 22, wherein said chromatic focusing unit comprises a series

of diffractive lenses.

24. The system of claim 22, wherein said chromatic focusing unit comprises a series

of diffractive lenses, and said reference arm is negatively dispersed relative to the signal arm.

25. The system of claim 22, wherein the chromatic focal range is matched to the

system range ∆/ = c Aλ Φ λ / 2 .

26. The system of claim 1, wherein a dispersion imbalance is induced by applying

different dispersive medium in the arms, and a variable optical delay is installed in one of the arms, the

detector circuit comprising an envelope detector to extract an envelope waveform out of the interference

pattern, the envelope waveform being proportional to the spectrum of the source.

27. The system of claim 26, providing a direct mapping of the optical spectrum into

the time-averaged interference envelope detection with respect to the scanning optical delay as the



following:

(ι(r')> c -ι{S(ω-

1{S(ω - ωc )}exp[- j Aτ τ' ]dAτ

28. The system of claim 1, wherein said source is a time-featured source with a broad

spectral bandwidth.

29. The system of claim 1, wherein said source is a wavelength swept light source,

the light emitted from said source being swept linearly in time, said detector circuit comprises one of: i) a

single-ended photodetector and ii) a balanced photodetector, said photodetector providing spectral

measurement in the time domain, said interferometer being a fiber-optic Mach-Zehnder interferometer, said

signal arm comprising a linearly chirped fiber Bragg grating with a large dispersion, the dispersed light from

said grating being emitted to the local space to be interfered with the light emitted from the reference arm;

the reference arm comprising a phase modulator and being split into a number of reference arms, then

subsequently phase-modulated at different frequencies, and emitted to the local space to be interfered with

the light emitted from the signal arm, the detector circuit detecting interfered lights among the dispersed

signal light and multiple reference lights, the detecting circuit further comprising a bandpass filter system

able to filter out frequencies that are associated with the modulated light from selected references.

30. The system of claim 1, said system being one of: i) a laser range finder system, ii)

a spectral analysis system, and iii) a position identification system.

3 1. A method for light echoes-to-spectrum mapping, comprising:

directing a signal reference from a broadband source to an object for reflection by the

objet;

modulating a reference signal from the broadband source in one of: i) phase and ii)

amplitude;

applying a dispersion-unbalanced interference between the two signals; and

gating a resulting phase matched spectral component;



wherein the interference induces a direct mapping of the source spectrum into an

interference amplitude with respect to a reference delay.
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